Abstract: Cannabidiol (CBD) is known to modify the effects of D 9 -tetrahydrocannabinol (THC) by decreasing anxiety and antagonizing other THC-effects. As a reason, pharmacodynamic as well as pharmacokinetic mechanisms were suggested. In context of the use of cannabis-based medicine extracts for therapeutic purposes, a study was performed in a double-blind and placebo-controlled cross-over design in which each of 24 volunteers (12 male and 12 female, age 18-45 years) obtained soft-gelatin capsules with 10 mg THC (THCset), cannabis extract containing 10 mg THC +5.4 mg CBD (CANset) or placebo in weekly intervals. Blood samples were taken 30 minutes before and 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 6 hours, 9 hours and 24 hours after the intake. The concentrations of THC, of its metabolites 11-OH-THC, THC-COOH and of CBD in the plasma samples were determined by automatic solid phase extraction, derivatization with N,O-bis(trimethylsilyl)triflouroacetamide and gas chromatography-mass spectrometry. The concentration versus time curves (maximum concentrations C max , corresponding time t max and areas under the curves AUC) were evaluated by statistical methods with respect to equivalence or differences between the CAN-set and the THC-set. Furthermore, the intra-individual ratios of C max and AUC for 11-OH-THC/THC, THC-COOH/THC and THC-COOH/11-OH-THC were compared between the THC-set and the CAN-set. Despite the large variation of the data, evidence emerged from the total of the results that CBD partially inhibits the CYP 2C catalyzed hydroxylation of THC to 11-OH-THC. The probability for this inhibition is particularly high for oral intake because THC and CBD attain relatively high concentrations in the liver and because of the high first-pass metabolism of THC. However, the effect of CBD is small in comparison to the variability caused by other factors. Therefore, a pharmacokinetic reason for the differences determined between pure THC and cannabis extract is improbable at the doses chosen in this study. Significantly higher AUC and C max and shorter t max were found for females as compared with males.
C
annabinoids are increasingly evaluated for the symptomatic treatment of various diseases. [1] [2] [3] [4] [5] [6] There is a considerable interest to investigate standardized cannabis extracts 7 instead of isolated THC (Marinol Ò or dronabinol) as other constituents of the plant, first of all the second main cannabinoid cannabidiol (CBD), may contribute to the therapeutic effects of THC or may alleviate THC-induced side effects as will be detailed below. The CBD/THC ratio depends on the genetic background of the individual plant. [8] [9] [10] With respect to the cannabinoid composition the cannabis plants can be divided into a chemotype with a high THC and a low CBD content, an intermediate chemotype with a prevalent CBD content and THC present at various concentrations, and a chemotype with a particularly low THC content. In cannabisbased medicine development, extracts with a high THC content, with a THC/CBD 1:1 content and with high CBD ratios are tested in clinical studies. 6, 7 The effects of CBD under these conditions are not yet fully understood. On one hand, CBD has been reported to have its own anticonvulsive, sedative, anxiolytic, antipsychotic, antinausea and anti-inflammatory effects. 11, 12 On the other hand, it has been described that CBD modifies the effect of THC by pharmacodynamic and/or by pharmacokinetic mechanisms. Karniol et al observed in a double-blind procedure with oral application that 15 to 60 mg CBD were efficient in blocking most of the effects of 30 mg THC and decreased the anxiety component of THC in such a way that the subjects reported more pleasurable effects. 19 According to Hollister and Gillespie, the oral combination of 20 mg THC and 40 mg CBD tended to delay the onset and to prolong the effects of THC whereas making them somewhat more intense. 23 It was verified by Zuardi et al that CBD blocks the anxiety provoked by THC, however this effect also extended to other THC related effects. 26 This antagonism did not appear to be caused by a general block of THC effects, because no change was detected in the pulse-rate measurements.
Dalton et al found in a double-blind study that CBD significantly attenuated the subjective euphoria of THC when 25 mg/kg of THC and 150 mg/kg of CBD were simultaneously smoked. 21 In contrast, if the same amount of CBD was smoked 30 minutes before the THC, it did not alter the effects of THC. In all these investigations CBD alone had no effect on the parameters studied.
Because CBD binds extremely weakly to cannabinoid receptors in the brain, CBD-mediated modulation of THC activity is probably not pharmacodynamic in nature but due to effects on THC metabolism and/or distribution. 33, 36 CBD has been found to be a potent inhibitor of hepatic drug metabolism. 14, 16, 17, 24, 28, 29, 31, 32, 34 Jones and Pertwee noted that pre-treatment of mice with large amounts of CBD causes an increase of the THC level in brain by the factor 1.4.
14 This was confirmed by Reid, Bornheim et al who found that CBD pretreatment increases the concentrations of THC and its oxidative metabolites in brain of mice to a much higher extent than would be expected from the blood levels. 32, 35 Watanabe et al as well as Bornheim and Grillo concluded from in-vitro experiments that the formation of a metabolite CBDhydroxyquinone might be the penultimate step involved in a CBD-mediated modification and inactivation of P450 3A. 28, 34 However, until now CBD-hydroxyquinone was not identified as a metabolite of CBD.
On the other hand, Levy and McCallum found that coadministration of 1 mg THC and 1 mg CBD to male rats had no effect on the rate of disappearance of THC from blood. 20 In a later study with 12 human volunteers Agurell et al did also not detect a significant effect of 40 mg CBD on the THC plasma levels measured at 11 different times after simultaneous oral administration of 20 mg THC in chocolate cookies. 25 Metabolites of THC were not included in these studies and no further investigations were carried out in the last twenty years to clear the discrepancy between the obvious interaction of CBD with the THC metabolism in in vitro and animal experiments and the lack of changes in human THC plasma concentrations after co-administration of CBD and THC. Therefore, in the present randomized, double-blind, placebo-controlled study with 24 volunteers the concentration versus time curves of THC and its main metabolites 11-hydroxy-D 9 -tetrahydrocannabinol (11-OH-THC) and 11-nor-9-carboxy-D 9 -tetrahydrocannabinol (THC-COOH) as well as of CBD were measured after oral administration of 10 mg THC alone and in cannabis extract containing 5.4 mg CBD. For evaluation, the course of the concentration versus time curves and the areas under the curves (AUC) were compared and the metabolites were included. In a further part of the study with 12 of the volunteers the effect of food on the concentration versus time curves was tested. Within the study neuro-physiological and cognitive tests were carried out at different times after the intake. The results will be published in another paper.
MATERIALS AND METHODS

Volunteers
For the study 28 volunteers were screened from which 27 were randomised (intention to treat set). 24 volunteers (12 male and 12 female, age 18-45 years) finished the study according to the protocol. All volunteers had an occasional cannabis consumption in the past, but, according to their statement in the questionnaire, had been completely drug free for at least one month before the onset of the study. They had no addictive or other psychiatric disease and did not take any medicals during the study.
This investigation was approved by the local Ethics Committee of the University Hospital Charité and written informed consent was obtained from each volunteer.
Drug Capsules
Liquid extract from cannabis sativa (solvent 96% ethanol) and the plant-isolated THC were prepared by the Society for Cancer Research, Arlesheim, Switzerland. The soft-gelatin capsules containing 2.5 mg THC, or cannabis extract with 2.5 mg THC and 1.35 mg CBD or placebo (a mixture of mono-, di-and triglycerids and glycerol) were produced by Scherer GmbH & Co. KG, Eberbach, Germany.
Design and Performance of the Study
The study was performed in a double-blind and placebocontrolled cross-over design. On three consecutive weeks, each volunteer obtained four capsules with either THC (total dose 10 mg), cannabis extract (total dose 10 mg THC +5.4 mg CBD) or placebo together with 200 mL water. They did not eat any food at least 8 hours before and 4 hours after the administration of the capsules and only 200 mL water was allowed during the time until capsule intake. No alcohol and caffeine was allowed the day before the test until the end of the test (last blood sampling). 1 hour before administration of the capsules a urine sample was collected and analyzed by enzyme immunoassay (EMIT II plus Assay, Dade Behring Limited, Milton Keynes, Atterbury, UK) for amphetamines and ecstasy, benzodiazepines, cannabinoids, cocaine, methadone and opiates. Blood samples (each 10 mL) were taken through an indwelling cannula from the forearm 30 minutes before and 30 minutes, 1 hour, 2 hours, 3 hours, 4 hours, 6 hours, 9 hours and 24 hours after the capsule intake. The samples were centrifuged immediately after collection at 1500 g for 15 minutes, the plasma was separated and stored in polypropylene vials at 230°C until analysis. A standard meal (one and two rolls for the female and the male participants respectively with cheese and sausage, yoghurt and 1 apple) was eaten four hours after the capsule administration. The wash-out time of one week between the administrations proofed to be sufficient as it was seen from the negative results of all plasma samples collected 30 minutes before capsule intake.
In an additional non-blind part of the study (DFI = drugfood-interaction study) 12 of the volunteers obtained another four capsules with the cannabis extract. In this case the volunteers did also not eat any food during at least 8 hours before drug administration and obtained a standardized breakfast (100 g cereal/fruit muesli, 200 mL milk, 2 rolls with butter and cheese, sausage or marmalade) exactly one h after the intake of the capsules. All other conditions were the same as described above.
Analysis of the Plasma Samples for THC, 11-OH-THC, THC-COOH and CBD
The development and validation of the method for analytical determination of THC, its main metabolites 11-OH-THC and THC-COOH and of CBD were described in detail in another paper. 37 Briefly, 1 mL plasma was analyzed by automatic solid phase extraction on Chromabond C18 ec columns (Macherey-Nagel, Düren, Germany, 200 mg extraction material, 3 mL volume) with an extractor RapidTrace (Zymark, Rüsselsheim, Germany). The extract was derivatized with N,O-bis(trimethylsilyl)triflouroacetamide (BSTFA, containing 1% trimethylchlorosilane) and analyzed by gas chromatography-mass spectrometry (GC-MS) using a gas chromatograph 6890, a mass selective detector 5973 and an autosampler 7673 (Agilent Technologies GmbH, Waldbronn, Germany) and deuterated substances D 3 -THC, D 3 -11-OH-THC and D 3 -THC-COOH as internal standards. The limits of detection (LOD) were 0.24 ng/ml for THC, 0.15 ng/ml for 11-THC-OH, 0.26 ng/ml for THC-COOH and 0.29 ng/ml for CBD. Each sample was analyzed twice. The average deviation of the concentrations from the mean of both concentrations was between 1.7 and 3.9%.
Statistical Methods and Software
The curve regression and determination of the pharmacokinetic parameters C max , t max and AUC as well as statistical testing for equivalence/difference was performed with the program SAS for Windows, version 8.2 (SAS Inc., Heidelberg, Germany). C max and t max were estimated by nonlinear regression, AUC was calculated using the trapezoid formula. For the analysis of these parameters and of the ratios between THC, 11-OH-THC and THC-COOH, a mixed linear model was fitted in each case, with treatment period (THC, cannabis extract, DFI) and sex as fixed factors (including interaction between treatment and sex), and the study subjects as random factor. Within each model the influence of each parameter was estimated and tested by t test. The values of C max , AUC and the ratios had to be log-transformed before analysis to obtain normally distributed data. Tests for bioequivalence were performed using a critical threshold for equivalence of d = 0.8 (corresponding to d# = 2ln(0.8) = 0.223 in the actual analysis using the log-transformed data). Tests were two-sided with an error level of a = 5%. With regard to adjusting for multiple testing, the tests for equivalence had an a priori ordering of hypotheses such that AUCs of THC, 11-OH-THC and THC-COOH and afterward the corresponding C max values were tested in that order. P values smaller than 0.05 were only interpreted as significant in a confirmatory way if all other previous tests had also revealed significant differences. No further adjustments for multiple testing was done regarding other comparisons.
RESULTS
The concentrations of THC, 11-OH-THC, THC-COOH and CBD were determined in the plasma samples collected immediately before and at eight times between 0.5 and 24 hours after oral administration of the capsules with THC, cannabis extract or placebo as described in the experimental part. In none of the placebo samples any of the compounds were detected. The concentration versus time profiles of the four substances were separately evaluated for the application of capsules with 10 mg THC alone (THC-set, 24 volunteers), cannabis extract containing 10 mg THC +5.4 mg CBD without food (CAN-set., same 24 volunteers) and the same cannabis extract with a standardised breakfast one hour after drug administration (Drug Food Interaction = DFI-set, 12 of the same volunteers). The maximum concentrations C max , the corresponding maximum times t max and the area under the curves AUC (mean, range and standard deviation) are given in Table 1 for the four substances in the three administration sets. C max is the highest measured concentrations, t max was estimated from the curves obtained by spline fitting to the measured points and AUC was calculated by the trapezium formula.
Although the capsules were taken always under exactly the same conditions, a large variety in the maximum concentrations as well as in the course of the concentration versus time curves was found. Two typical examples are shown in Figure 1 for the CAN-set. In the majority of the cases high concentrations were already found after 30 minutes with a THC maximum between 30 and 60 minutes (Fig. 1a) . But there are also a few cases with a delayed resorption and still very low concentrations in the 30 minutes and 1 hour sample. In some other cases an intermittent resorption with a shoulder or a second maximum between 3 and 4 hours was observed (Fig. 1b) . The data measured in the three administration sets will be separately compared for the four compounds.
Concentration Versus Time Curves THC
In Figure 2a -c the THC concentrations obtained from all volunteers and the mean curves obtained from these concentrations are shown. Because THC was not detected in the 24 hours samples, the comparison is limited to 540 minutes. It is seen that the concentrations vary strongly at all measurement times for all three kinds of administration. In Figure 2d the mean curves of the three administrations are compared. As it can be seen from the mean curves, in general higher concentrations of THC were attained 30 minutes and 1 hour after intake of the cannabis extract. From 120 minutes to 540 minutes no clear difference between the THC-set and the CAN-set are seen. The highest mean concentrations were found in the DFI-set, where the concentration is above the THC values also 120 minutes after drug administration. However, because the standardised breakfast was ingested only 1 hour after the capsule intake, at least the increased 30 minutes and 60 minutes values in comparison to the corresponding CAN-set concentrations seem to be rather accidental. No relevant difference is seen between the concentrations of the three sets from 180 to 540 minutes.
11-OH-THC
The primary metabolite 11-OH-THC could also only be detected until 540 minutes after intake of the capsules and its concentrations varied strongly (Fig. 3 a-c) . The maximum concentrations of 11-OH-THC are attained by about 25 minutes later than of THC ( Table 1 ). The mean concentration curves of the three administrations (Fig. 3d) increase after one and two hours in the same order as for THC (THC-set , CANset , DFI set) but to a smaller degree. From 180 to 540 minutes no clear difference can be seen between the three sets.
THC-COOH
Because of the higher concentration, THC-COOH was still well detectable after 24 hours. Also the concentration of this metabolite varied strongly between the volunteers (Fig.  4a-c) . Comparing the four substances, THC-COOH attains its maximum value at the latest time (t max = 65 to 230 minutes, mean 124 minutes). Only small differences between the three kinds of applications are seen from the mean curves shown in Figure 4d . For this metabolite the curves of the THC-set and CAN-set are very close together with a slightly higher maximum concentrations in the CAN-set. The samples of the DFI-set contained the lowest concentrations for THC-COOH after 120 minutes.
CBD
This compound was only present in the samples from the CAN-set and the DFI-set. The strongly varying maximum concentrations were only between 0.30 and 2.57 ng/ml at 30-120 minutes (mean 60 and 64 minutes respectively) after administration ( Fig. 5a-b) . It was only detected up to 540 minutes after administration. No real differences could be seen between both kinds of intake (Fig. 5c ). It appears that the absorption had already been nearly half completed at the time of the standardized breakfast. However, for CBD and for THC (Fig. 2d) an increased concentration was found at 120 minutes which could be caused by an enhancement of the absorption by the food.
Areas Under the Curves (AUC), Maximum Concentrations C max and Maximum Times t max
In the next step, it was examined whether significant differences can be found between the THC-set and the CANset and between the CAN-set and the DFI-set in the areas under the concentration versus time curves (AUC), the maximum concentrations C max and the times after administration t max at which this concentration is attained for THC, 11-OH-THC, THC-COOH and, as far as involved, for CBD. The AUC were calculated using the trapezium formula. C max was the highest measured concentration whereas t max was estimated from the individual concentration versus time curves obtained by spline fitting to the measured points. AUC and C max were not normally distributed within the groups. However, for the logarithms of AUC and C max normal 
Effect of Gender and Body Mass Index
For all four compounds AUC and C max were significantly higher for the female than for the male participants when tested over all three treatment periods except for the AUC of THC-COOH where only a corresponding trend was found (P = 0.0989). This is also shown by the box and whiskers plots in Figure 6 for the AUC of the CAN-set. The mean values of the ratio AUC female /AUC male for the different substances in the three sets were 1.26-1.75. This was not only caused by the lower body weight of the female volunteers because the mean ratios decreased only to 1.12-1.52 after correction for body weight. Obviously, women have a smaller volume of distribution than man in this part of the THC metabolism. t max of THC, 11-OH-THC and CBD were significantly longer for male participants as compared with female participants. No significant difference was found for t max of THC-COOH between the genders. There was no significant correlation between AUC or C max and the body mass index of the volunteers.
Comparison of CAN-set with THC-set
No significant equivalence was found for AUC and C max of THC which, as a mean, were by about 20% lower for THC administration as compared with cannabis extract administration. No significant difference could be found for AUC and C max of 11-OH-THC and THC-COOH No significant equivalence was found for t max which as a mean was slightly shorter for all three substances in the CAN-set.
Comparison DFI-set with CAN-set
No significant difference was detected for AUC and C max of THC, 11-OH-THC and CBD. A significant difference was found for AUC and C max of THC-COOH which were by about 20% lower in the DFI-set. No significant equivalence was found for t max which was shorter for THC, 11-OH-THC and THC-COOH and longer for CBD in the DFI-set.
In Figure 7 these results are illustrated by box and whisker plots of ln AUC for the four substances. The plot of the logarithmic data was chosen because the numeric data displayed a skew distribution which was at least in part corrected in the logarithmic plots. 
Intra-individual Comparison between the CAN-set and the THC-set of the AUC and C max Ratios 11-OH-THC/THC, THC-COOH/THC and THC-COOH/11-OH-THC
Figures 2 to 5 demonstrate that the concentrations vary strongly between the volunteers and that this inter-individual variation aggravates the recognition of pharmacokinetic differences between the administration sets. Therefore, an effect of CBD on the metabolization rate of THC should more sensitively be recognized from an intra-individual change of the metabolite/parent drug ratio of AUC or C max or from an intra-individual shift of the t max difference between metabolite and parent drug than from the statistic comparison of the whole administration sets performed above.
If the large variation of the data was caused to an essential part by differences in the individual pharmacokinetic characteristics of the volunteers, the intra-individual variation between both sets should be clearly smaller than the inter-individual one. Because each volunteer obtained two or three doses of THC, this was examined in the following way: In a matrix, for each volunteer the relative deviation of the parameter (AUC, C max or t max ) between both sets were calculated. For comparison, the relative deviations of the parameter from that of each other volunteer in the same set Table 2 . It was found that, for AUC and C max , the intra-individual differences between the compared sets were clearly smaller than the interindividual differences. Therefore, a more specific evaluation can be expected from AUC and C max ratios. For t max no difference between intra-individual and inter-individual data were seen. For each of the 23 volunteers who participated in both the THC-set and the CAN-set the ratios (1) to (3) were calculated. For instance, AUC(11-OH-THC CAN ) means the AUC for 11-OH-THC in the CAN-set:
The same ratios were calculated also for C max instead of AUC. The ratio (1) compares the hydroxylation of THC to 11-OH-THC between both sets. An inhibiting effect of CBD on this hydroxylation should lead to a ratio below 1.0 whereas in case of no interference by CBD the ratio should be 1.0. In the same way the ratios (2) and (3) should indicate an effect of CBD on the total reaction from THC to THC-COOH and on the dehydrogenation from 11-OH-THC to THC-COOH respectively. In Figure 8 the box and whiskers plots of the AUC ratios are shown. Because of the skew distribution of the data, again the logarithmic ratios were also evaluated. It is seen that the ratio (1) is clearly below 1.0 (mean 0.89, median 0.83; P = 0.0153). This is also the case for the ratio (2) (mean 0.89, median 0.76). Although the variation of the data is much higher, this is partly adjusted for by the log-transformation, yielding also a statistically significant difference (P = 0.0274). For ratio (3), the mean value as well as the median are much closer to 1.0 (mean 0.99, median 0.93). The ratios for C max in tendency behave in the same way, but none of these reach a statistically significant difference.
Altogether, these results of the statistic evaluation suggest that, in the CAN-set, the hydroxylation of THC to 11-OH-THC is partially inhibited by CBD. This can still be seen in the ratio between THC and THC-COOH, whereas the dehydrogenation steps from 11-OH-THC to THC-COOH remain unaffected.
DISCUSSION
The processes which have an effect on the concentrations of THC and its main metabolites in plasma are shown in Figure 9 . The concentrations depend on many factors and conditions such as yield of the gastrointestinal absorption, extent of the first pass metabolism and biliary excretion, rate and extent of distribution to tissues, clearance and metabolism from systemic blood. Furthermore, the polymorphic nature of the gene encoding the CYP 2C enzyme family should contribute to the variability of the THC metabolism. The courses of the concentration versus time curves of THC and its metabolites found in this study (Figs. 1-4) are typical for oral intake of the drug. 27, [38] [39] [40] In contrast to smoking or injection, the concentration of THC-COOH was from the beginning higher than that of THC (examples see Figure 1 , note that the concentrations of THC-COOH are plotted in the scale 0.25). As a rule, the concentration of 11-OH-THC was also higher than that of THC and this primary metabolite could be detected for a longer time than THC. It is known from literature, 2 and it could also be seen in the present investigation from a semi-logarithmic concentration versus time plot (not shown) that the elimination of THC follows at least a two phase kinetics (distribution and terminal). This is still more complicated by irregularities in the slow absorption during the first hours after intake. Therefore, a complete evaluation of the curves with respect to the pharmacokinetic parameters was not possible and the interpretation was restricted to AUC, C max and t max .
Despite the large variation between the concentrations of the volunteers, strong indications were obtained from the statistical evaluation that CBD under the experimental conditions of this study partially inhibits the cytochrome P450 catalyzed formation of 11-OH-THC from THC: Increase of the mean THC concentrations in the CAN-set during the first hours after intake (Fig. 2 days) , increase of AUC and C max of THC (Fig. 7) and decrease of the t max for all substances in the CAN-set. Particularly the smaller intra-individual AUC and C max ratios 11-OH-THC/THC in the CAN-set in comparison to the THC-set can be interpreted as a clear indication for the decreased rate of this metabolic step under the effect of CBD. However, the subsequent dehydrogenation of 11-OH-THC to THC-COOH is not affected. The enzymes responsible for the oxidation of 11-OH-THC to the intermediate aldehyde FIGURE 9 . Main steps and influence factors in the pharmacokinetic of THC after oral administration. An effect of CBD is particularly probable after oral intake in the resorption period because of the extensive first-pass metabolism and because in this time both THC and CBD have high concentrations in the liver.
(11-oxo-THC) is not yet known. According to Watanabe et al, the transformation of 11-oxo-THC to THC-COOH is catalyzed by a microsomal aldehyde oxygenase (MALDO), a member of the CYP2C subfamily. 41 CBD has similar pharmacokinetic properties as THC. 25, 27, 42 The probability for its inhibiting action is particularly high during the first hours after oral intake of THC and CBD because, at this time, both compounds attain relatively high concentrations in the liver and because THC is to a high extend already metabolised during the first liver passage. With an oral bioavailability of only 3-14% which is mainly caused by the first-pass metabolism, 2 a small decrease of the metabolic activity can lead to a measurable rise of the THC concentration in plasma and to an earlier THC peak concentration.
Conclusions
In this study experimental evidence was obtained for the first time, that CBD probably inhibits the metabolic hydroxylation of THC also in human volunteers. However, this effect of CBD is small in comparison to the variability caused by all other factors (Fig. 9) . Therefore, a pharmacokinetic reason for the differences described in literature between the effects of pure THC and of cannabis extract is improbable at the doses chosen in this study. This should generally be true for recreational cannabis consumption where, as a rule, cannabis plants with a high THC and a low CBD content are used. However, a modifying pharmacokinetic influence of CBD on the THC effects cannot be excluded if cannabis-based medicine with much higher CBD doses are administered. Further studies are necessary to confirm such influence of CBD for higher doses and chronic use.
